. The terrestrial ocean is expected to have been accreted in this way. Rosenqvist-Chassefiè re photochemical model was one-diOn the other side, a short episode of intense escape (Ȃ2 ؋ mensional and the atmosphere was supposed to be in a 10 7 years), during which the available solar EUV flux is fully steady state and not to interact with the surface. This model consumed to drive escape, at the early times when volatiles are was initially developed by Chassefiè re (1991) and used for supposed to have been outgassed (Ȃ10 8 years), may yield more the interpretation of Phobos ozone data (Blamont and substantial oxygen escape. By using amounts of oxygen that Chassefiè re 1993). Several other developments were preare believed to be involved in crustal iron oxidation (and carbon-sented by Rosenqvist and Chassefiè re (1995b). The probates) on Venus and Mars, as well as in the massive Venus lem treated by Rosenqvist and Chassefiè re (1995a) was atmosphere, it is shown that primitive oceans equivalent to clearly connected to the well-known paradox of the atmorespectively 0.45 and 0.2 present terrestrial ocean (respectively spheric stability of the martian atmosphere, which was 1300 and 600 m average depth) could be lost, with respectively solved more than 20 years ago (Parkinson and Hunten 30 and 50% of oxygen initially contained in the ocean released 1972). CO produced by photodissociation of CO 2 is oxito space by hydrodynamic escape. An important corollary is dized by OH radicals arising from H 2 O photolysis. Because that if Venus had been supplied with more than Ȃ0.45 terrestrial ocean, it would have been left with an oxygen-rich atmo-of the very small amount of short-lived OH radicals and sphere. If the fraction of available solar energy consumed in specific internal feedback effects, this scheme works well hydrodynamic escape is definitely smaller than unity, for exam-in a wide range of humidity levels, including relatively dry ple, by a factor of 4, the previous initial water endowments of atmospheres. Kasting (1995), in response to Rosenqvist Venus and Mars are reduced, and less than 10% of oxygen and Chassefiè re's work, argued that surface effects, such could be lost to space by hydrodynamic escape. The question as iron oxidation and volcanic outgassing, can hardly be of whether escape can work at high energy-limited rates, from neglected. Concerning surface sinks, the aim of Rosenqvist a photochemical-dynamic point of view, is not solved in the and Chassefiè re (1995a) was to provide an upper limit on present work. Finally, it must be noted that no significant O 2 content of a CO 2 (plus little H 2 O) atmosphere, and oxygen escape is found for Earth, whatever the model parameKasting's criticism was not fully relevant. Concerning volters may be: when comparing the three terrestrial planets, the canic outgassing, the general problem of the geochemical Earth is the least favorable one to escape, since Venus receives cycle of carbon, whose period on Earth is very long (Ȃ0.5 myr for the combined atmosphere-ocean system, Ȃ100 myr for the full tectonic cycle), must be considered. Be-1 This paper is dedicated to the memory of Jan Rosenqvist.
cause the Rosenqvist-Chassefiè re model works on time thermosphere. In particular, Kasting and Pollack showed that the escape rate of hydrogen is in some sense energy constants much smaller than 10 6 years (typically a few hundred years), the carbon cycle is not necessarily of great limited, although the available amount of hydrogen atoms at the base of the thermosphere plays a determinant role. importance. Rosenqvist and Chassefiè re found that no more than 10 mbar of O 2 may be formed in a CO 2 atmo-As an example, their escape flux is approximately four times lower than the energy-limited flux calculated by Watsphere, which is much greater than prebiotic terrestrial values found by several investigators (Kasting and Walker son et al. (1981) , because it is source limited at the base of the expansion. 1981, Levine et al. 1982 , Kasting et al. 1984 , with a mixing ratio in the range from 10 Ϫ14 to 10
Ϫ8
, and the present obAs pointed out by Zahnle and Kasting (1986) , even the relatively high energy-limited present escape flux of served martian O 2 mixing ratio of Ȃ10
Ϫ3
. The second question raised by Kasting (1995) was more hydrogen is much too low, by at least one order of magnitude, to levitate oxygen outside from the atmosphere and relevant, but must be placed in a different context. It is directly related to the problem of water escape on primitive drive in this way a substantial escape flux of water. The theory of hydrodynamic escape has been very clearly displanets, and well illustrated by the case of Venus, with high pressure and temperature due to greenhouse effect. cussed by Hunten et al. (1987) . As shown by these authors, a crossover mass m c , which depends on the mass m 1 and At such high temperature, water vapor may be present in large amounts in the thermosphere and hydrodynamic the upward flux F 1 of the light constituent (typically atomic hydrogen H), can be defined. For any heavier constituent escape of H, produced by photodissociation of H 2 O, quite efficient (Kasting and Pollack 1983, Zahnle and Kasting whose mass m 2 (Ͼm 1 ) is greater than the crossover mass m c , the upward frictional force induced by F 1 is larger than 1986). Part of the oxygen can be dragged off to space along with the escaping hydrogen but, if not, or if O escape is the downward gravitational force, and escape of constituent 2 is expected to occur. By denoting X 1 and X 2 the mole only partial, an O 2 -rich atmosphere can accumulate during the early history of the planet. This problem cannot be mixing ratios of constituents 1 and 2, which are proven by Hunten et al. (1987) to be constant with altitude if escape treated in the framework of a steady-state model. It is basically different from the one treated by Rosenqvist and of constituent 2 is effective, the flux F 2 is given by Chassefiè re in the sense that the source of oxygen is in this case H 2 O, instead of CO 2 .
The goal of the present paper is to provide a quantitative
(1) study of oxygen hydrodynamic escape, by using the theoretical approach developed by Hunten et al. (1987) , and to show that the argument of Kasting (1995) concerning
In the present study, constituent 1 is H and constituent 2 is O. Nomenclature used in the present study is listed in the possible accumulation of oxygen during the phase of H hydrodynamic escape must be seriously considered. This Appendix 1. The question of whether constituent 2 could be H 2 O or O 2 may be raised in view of Kasting and Polpoint was already briefly treated by Zahnle and Kasting (1986) , who concluded that substantial quantities of water lack's results. By considering their ''case D' ' (Fig. 10 in their paper), the mixing ratio at the base of the expansion may have been lost without the need to oxidize large amounts of the crust. This conclusion must be somewhat (Ȃ200-km altitude) is small (Ȃ10
) due to the rapid recombination of OH, produced by photodissociation of revised in view of results presented here. In particular, it will be shown that the maximum quantity of oxygen lost H 2 O, with O, produced by photodissociation of CO 2 , which yields O 2 and H. H 2 O is nevertheless more abundant than to space by Venus and Mars is of the same order as the one presently contained in the interior. The fact that the O 2 by a factor of Ȃ3 at Ȃ200 km. The ratio n(H 2 O)/n(H) is Ȃ1/2 at 200 km, and there is therefore Ȃ1 O atom for present atmosphere of Venus does not contain O 2 in significant amounts is an important question, and the cases Ȃ2 H atoms at the base of the expansion. H 2 O, which is not much heavier than O, can be levitated by hydrodynamically of Venus and Mars will be somewhat detailed.
escaping H but, for a flow velocity of Ȃ3 cm sec
Ϫ1
, it may be roughly estimated that H 2 O molecules will be photodis-
GENERAL CONTEXT OF THE STUDY
sociated in the first Ȃ100 km above the base of the expanding flow, O becoming the final form of escaping oxyThe hydrodynamic escape of hydrogen from Venus has been studied by Kasting and Pollack (1983) through a gen. Released OH radicals recombine quickly with O, over less than Ȃ10 km height, to give O 2 . The fate of O 2 moledetailed one-dimensional photochemical-dynamic model of the high atmosphere. An energy conservation equation cules in the high atmosphere is to be photodissociated in about Ȃ1 day, providing additional O atoms. Our conclufor the expanding planetary wind was solved, together with mass and momentum equations, and the solution was con-sion is that, even in ''case D'' of Kasting and Pollack, escaping oxygen must be finally under the form of atomic strained by a detailed photochemical model of the lower oxygen (at least above Ȃ300 km). Since solar EUV flux
(2) consumed in escape is deposited over a height of at least Ȃ1000 km, no major change is expected concerning O escape with respect to the case of dominant O at the base of the expansion [''case A'' of Kasting and Pollack (1983) ; t 0 is a time of reference. In the present study, one denotes by t 0 the time at which hydrodynamic escape ceased. It see Fig. 9 in their paper]. In case A, O is dominant at Ȃ200 km and is still in a ratio of Ȃ1/2 with respect to hydrogen. may occur when the quantity of stratospheric water vapor decreases due, for example, to a decrease of the cold trap It may be therefore assumed that constituent 2 is oxygen. Moreover, the assumption that X 2 /X 1 Ȃ 1/2 at the base of temperature, and more generally a decrease of the atmospheric temperature because of weakening greenhouse efthe expansion, i.e., that H 2 O escapes, is consistent with Kasting and Pollack's calculations. fect. The time at which hydrodynamic escape begins, which must be comparable to the formation time of terrestrial Constituent 1 could be H 2 rather than H (Watson et al. 1981) . Nevertheless, H 2 is expected to be the dominant planets, is denoted by t b . a is a constant positive parameter.
If F 1 is assumed to be equal to its energy-limited value, a form of hydrogen only under very primitive conditions, in so-called stage I atmosphere. The possible presence of free realistic value of a is 5/6 (Hunten et al. 1987) . This average value is only approximate and exponents in the range 0.65-iron in the crust, during the earlier stages of accretion, suggests that the atmosphere could be reducing, with H 2 1.3 are obtained in the EUV range depending on the wavelength (at Ͻ 1000 Å ), as shown by Zahnle and Walker rather than H 2 O, and CO (and/or CH 4 ) rather than CO 2 . Due to thermal blanketing during the first Ȃ10 8 years of (1982) . Moreover, there are no reliable data before Ȃ10 7 years. a planet's life, temperatures as high as 1500 K might be reached in the steam atmosphere heated by impacts (Mat-
The values of t b and t 0 are difficult to estimate. Simulations by Wetherill (1986) show that terrestrial planets were sui and Abe 1986). In the case of a hot reducing atmosphere at this time, thermochemical calculations like the one per-already formed at t Ȃ 10 7 years, although containing only 60% of their present mass. At t Ȃ 10 8 years, more than formed by Lewis and Prinn (1984, Fig. 3 .1) shows a very rapid oxidation of atmosphere, and crustal iron in the latter 90% of their final mass was in planets. Although formation of planets was probably not totally accomplished before stages, through escape of H 2 . At t Ȃ 10 7 years, when planets contained Ȃ60% of their final mass (Wetherill 1986), the 2-3 ϫ 10 8 years, there is a general good agreement to assume a formation time of Ȃ10 8 years. Before this time, energy-limited escape time of H 2 contained in one-half terrestrial ocean may be estimated to be Ȃ2 ϫ 10 6 years, planets are supposed to have built up by accretion of planetesimals ranging in the size from Ceres to Moon (Ȃ500-by taking into account large solar EUV fluxes in the past (Zahnle and Kasting 1986). Lewis and Prinn's simulation 2000 km). Nevertheless, the time at which a full terrestrial ocean appeared at the Earth surface, which is related to shows that this atmosphere is oxidized at a time of Ȃ9 ϫ 2 10 6 years Ȃ 2 ϫ 10 7 years. Stage I reducing atmosphere the outgassing history of the planet, is not necessarily identical to the previous one. As shown by Matsui and Abe is therefore expected to disappear over a time much smaller than the duration of the thermal blanketing period (Ȃ10 8 (1986) , strong atmospheric heating (up to Ȃ1500 K) by thermal blanketing during the accretion phase is to be years). Consequently, at the end of this period, the subsequent cooling of the oxidized atmosphere results in the expected up to Ȃ10 8 years. A part of H 2 O is dissolved in an hypothesized magma ocean. In the following cooling condensation of H 2 O and formation of a water ocean. The major source of energy becomes solar flux, instead of phase (t Ͼ 10 8 years), H 2 O condenses and a water ocean is formed. The question of how fast the volatile outgassing heating by impacts, and greenhouse effect possibly occurs under some specific conditions. The atmosphere at this acts at the beginning of the planet's life is not well solved, but several facts, like the presence of a significant geomagtime (Ͼ10 8 years) was therefore rich in water vapor, yielding H by photodissociation. In the frame of the present netic field at t Ȃ 10 9 years (Hanks and Anderson 1969), which may be considered as the signature of convective study, which concerns times typically larger than 10 8 years (as explained hereafter), H must be preferred to H 2 . motions in the Earth's deep interior, prove that early Earth was molten. The hypothesis of a rapid differentiation proSince our aim is to estimate the quantity of oxygen that could escape by hydrodynamic process in a first stage of cess and resulting early outgassing (at t Ȃ 10 8 years), supported by analysis of the 40 Ar/ 36 Ar ratio, is generally faplanetary evolution (typically the first gigayear), the hydrodynamic H escape flux had to be larger in the past than vored (Lewis and Prinn 1984) . The presence of an ocean on Earth at t Ȃ 10 8 years is therefore realistic. Concerning its present energy-limited value, which is too low to sustain any oxygen escape (Zahnle and Kasting 1986) . The EUV Mars, there is geomorphological evidence for a primitive ocean of Ȃ500 m average depth, whose Ȃ90% were outsolar energy available for escape has therefore necessarily decreased with time. For the present study, we use the gassed early, at times much lower than Ȃ10 9 years (Baker et al. 1992). Between 10 7 and 10 8 years, terrestrial planets following convenient law: are supposed to have acquired Ȃ30% of their final mass sized that this quantity is related to the depth of the equivalent global ocean rather than to the total amount of water. (Wetherill 1986) , and escape of volatile species to space cannot be treated in the pure frame of hydrodynamic es-It is defined independently of the planetary radius. For example, 1 TO on Mars contains about four times less cape, because of the expected major role played by impact erosion.
water than the Earth ocean. The total amount of hydrogen lost depends strongly on On the other hand, water could be brought later during the extended meteoritic bombardment phase which ends the value of a. A simple integration of Eq. (2) between times t b and t 0 gives with the so-called late heavy bombardment, at t Ȃ 10 9 years. Lewis and Prinn (1984) emphasized that a very small amount of volatile-rich planetesimals is required to deliver
the current mass of ocean (Ȃ0.3% of CI-type chondritic material). The total mass of impactors required to explain the late heavy bombardment (4-3.6 Gyr ago) is of the In some cases, we use F 1 instead of a as the pertinent order of Ȃ10 23 g (Weissman 1989 ), that is, Ȃ1.5 ϫ 10
Ϫ5
variable, but we must be aware of the fact that a too large Earth mass and, therefore, is much too small to deliver value of a may be unrealistic. an ocean of terrestrial type. Nevertheless, it cannot be Let us denote by the solar EUV flux engaged in the excluded that water endowment of Earth, which requires escape process, which is expected to depend on (t 0 ), or a very small relative amount of volatile-rich material, was 0 , and t 0 by a relation similar to Eq. (2). may be the progressively built up by impacts of planetesimals in the total available solar EUV flux tot (case of energy-limited first Ȃ7 ϫ 10 8 years (Chyba 1990) . It is generally believed escape) or not. For simplicity, we assume that / tot does that Venus and the Earth have cleared the terrestrial planet not vary with time, which implies that obeys the same zone of planetesimals in 1.5-3 ϫ 10 8 years ( 8 years when the solar EUV Our conclusion is that the simplified approach of Hunten flux was as large as Ȃ25 times the present value, and taking et al. may be used without any significant restriction. into account the fact that, in Kasting-Pollack model, the
In the following section, we introduce a nonzero escape engaged solar flux is only one-fourth of the available flux, flux of O, at least when it is allowed by a sufficiently high the escape time could be as short as 2 ϫ 10 9 ϫ (1/4) ϫ value of the crossover mass, and we assume that an EUV (1/25) Ȃ 2 ϫ 10 7 years. If O is proven to have escaped solar flux is consumed in escape of both H and O. We along with H, this time must be multiplied by m(H 2 O)/ will calculate analytical expressions for both escape fluxes m(H 2 ) ϭ 9, which yields 2 ϫ 10 8 years. It results that the of H and O, and compare them. duration ⌬t ϭ t 0 Ϫ t b of the escape episode can be as low as 10 7 -10 8 years and that t 0 values in the range Ȃ10 8 to
CALCULATION OF H AND O ESCAPE FLUXES AND Ȃ4 10
9 years are a priori possible.
TOTAL AMOUNTS LOST
The quantity of water contained in a global layer of Ȃ3 km thickness, which is the average depth of the terrestrial For simplicity, we assume in further developments that t b ϭ 0 to avoid complicated equations [it requires in particuocean, will be denoted by TO in the following. It is empha-lar that a Ͻ 1 for the integral given by Eq. (3) to converge].
Ͳ ϭ 1 1 ϩ X 2 m 2 /X 1 m 1 (11) Corrective terms, and their exact analytical values, are given in Appendix 2.
If t b ϭ 0, we know that, at an earlier stage of evolution, We assume X 2 /X 1 ϭ 1/2, that is, escape of H 2 O (2 hydrothe crossover mass m c [given by the following Eq. (7)], gen atoms for 1 oxygen atom) at the base of the expansion. was much in excess of atomic oxygen mass m 2 (ϭ16), with This assumption is confirmed by the Kasting-Pollack subsequent O escape. It is necessarily the case for a small model, as previously discussed. In this case, Ͳ ϭ 1/9; that enough t, when the ratio (t/t 0 ) Ϫa , as well as the input solar is, the mass ratio of H 2 to H 2 O. At a given time t, F 7). For that, the ratio X 2 /X 1 is denoted planetary center at which this flux is deposited, by M the by ͳ and X 1 is therefore equal to 1/(1 ϩ ͳ), i.e. 2/3 for mass of the planet, and by G the gravitational constant, ͳ ϭ 1/2. F 1 (t) is derived from F 
(12) would be such that As already mentioned, in earlier stages of evolution, (2), (5), and (7) shows that it occurs
(6) at time t 1 when
The crossover mass m c is defined as (Hunten et al. 1987 ) m
or where b/n is the molecular diffusion coefficient (n ϭ atmo-
spheric density), g the gravity acceleration, k the Boltzmann constant, and T the temperature. It follows that where m 0 c is the reference crossover mass (pure hydrogen escape) at time t 0 . In the following, the mass ratio
m 2 /m 0 c will be denoted by Ȑ. It may happen that t 1 Ͼ t 0 , that is, Ȑ Ͻ 1, which means that the decreasing crossover mass never passes below m 2 . by assuming a fixed temperature (typically 400 K, see Kast-This is the case for a small body, as we will show later. ing and Pollack 1983). When neglecting m 1 with respect Calculation of the total amounts F 1 of H and F 2 of O to Ȑ c , Eqs. (6) and (8) Table I . 1986), adapted to O diffusing in H, In Fig. 1 , the ratio R ϭ 2F 2 /F 1 of O to 2H escape is plotted as a function of log(1/Ȑ), together with the ratio
, which is the ratio of the H loss rate in the m Hunten et al. 1987 , for more details) whose numerical value is Ȃ0.75. m E is a reference mass obtained in the case Earth-type planet of 2 Earth radii, Earth, Venus, Mars, Moon, Ceres-type planetesimal), as given in Table I , are of Earth. p 0 /p is the ratio of terrestrial radius to planetary radius, R 0 /R the ratio of Sun-Earth distance to Sun-planet indicated by boxes. The height of each box has no precise meaning, and is only representative of the size of the distance, and T/T 0 the temperature ratio. The dependence on temperature is weak due to the low exponent (ϭ 0.25) planet. These boxes must be considered rather as realistic upper limits on log(1/Ȑ) than true brackets. Indeed, lower value of a is unrealistic since the relevant average value is near unity (or a little below), but this result is interesting escape fluxes (cases A to C in the Kasting-Pollack model) may in principle occur.
by itself. The most important result of the sensitivity study is that R increases for decreasing values of t b and t 0 since, It results from a simple examination of Fig. 1 that Venus cannot lose more than 20% of its initial oxygen endowment, in this case, the relative enhancement factor of solar EUV flux is larger. values as low as 5% or less being more realistic. The same result is qualitatively valid for the Earth and Mars but, In Fig. 2 , variation of R with log(1/Ȑ) is plotted for three couples of (t b , a) parameters: (3 ϫ 10 8 years, 5/6), (10 8 on the contrary, bodies like the Moon or a Ceres-type planetesimal may loose the totality of their water endow-years, 5/6), (10 8 years, 1). The duration ⌬t of the escape episode is assumed to be 2 ϫ 10 7 years (with therefore ment through hydrodynamic escape, although the loss may not be complete for the Moon. There is strictly no oxygen t 0 ϭ t b ϩ ⌬t). As already mentioned, such short escape times are possible in (or near) the energy-limited regime loss for the large Earth-type planet, because the crossover mass remains lower than m 2 ϭ 16 during the whole escape at early times, when the solar EUV flux was high. This typical length of Ȃ2 ϫ 10 7 years is well adapted to the phase. Several calculations have been made to test the sensitivity of the results to parameters (t b , t 0 , a). For in-case of Venus, as shown in the following (see Table II of solar EUV energy equal to planetary radius) for three couples of (t b , a) parameters: (3 ϫ 10 8 years, 5/6), (10 8 years, 5/6), (10 8 years, 1). The duration ⌬t of the escape episode is assumed to be 2 ϫ 10 7 years. Arrows show the evolution of the planetary value of log(1/Ȑ) from the first to the third couple (in the order previously given).
log(1/Ȑ) ( ϭ tot , r ϭ p), instead of a box (as in Fig. 1 ), lost amount by 2, one obtains what we will call 1 UO (Unit Ocean). 1 UO corresponds to the quantity of hydrogen, has been reported (vertical bars). The most favorable case corresponds to a ϭ 1 and t b ϭ 10 8 years, for which the expressed in units of H 2 O containing it, which would be lost under present solar EUV conditions during the escape solar flux is as large as possible. In this case, Ȃ45% and Ȃ65% of oxygen could be lost through hydrodynamic es-episode, of duration t 0 Ϫ t b . As already mentioned, Kasting and Pollack's calculations show that 1 TO is lost in Ȃ2 10 9 cape for respectively Venus and Mars.
For increasing values of a, from zero to 1 or more, the years (under present solar conditions: a ϭ 0), implying that 1/2 TO is lost in 1 Gyr. In this case, the value of 1 total amounts of H and O lost (respectively F 1 and F 2 ) may be calculated in units of the total amount of H lost UO is for a ϭ 0 (constant solar flux). By multiplying this reference 1 UO ϭ (t 0 Ϫ t b )1/2 TO,
if times are expressed in units of 1 Gyr. For t 0 ϭ 10 9 years for t b ϭ 10 8 years and t 0 ϭ 10 9 years, for a varying from 0 (present conditions) to more than 2 (from left to right). The four cases of Earth, Venus, Mars and Moon are considered. The first point on each curve corresponds to a ϭ 1, whereas the second one, when going to the right, corresponds to a ϭ 2.
values presented in the first line of Table I, 1 UO ϭ 1.6 10 8 years and t 0 ϭ 10 9 years. For terrestrial planets, both quantities are equal to 1 for a ϭ 0. In a first stage of TO for the Earth. The energy-limited flux of hydrogen (in present EUV conditions), expressed in units of 1 TO Gyr
Ϫ1
, increasing a, the crossover mass in the past remains smaller than m 2 ϭ 16 (Ȑ Ͼ Ȑ c ), F 2 is equal to zero, and L 2 (UO) ϭ is denoted by ELF in the following. The value of ELF for the Earth is therefore 1.6 (see Table II for other terres-F 1 (UO). The curve is therefore a straight line of slope 1.
When a becomes large enough, Ȑ passes below Ȑ c and the trial planets).
Let us denote by F 1 (UO) the total amount F 1 of hydro-crossover mass at t ϭ t b becomes larger than m 2 ϭ 16 and O escape may occur. For a still increasing value of a (from gen lost, expressed in units of 1 UO, 1 to Ȃ2 or more), Ȑ becomes lower than unity and the amount of oxygen left behind does not increase anymore
for increasing amounts of lost water.
A simple linearization of Eqs. (A25), (A26), (A27), (A28), 19 and 20 for Ȑ Ӷ 1 leads to the following simple as it can be deduced from Eqs. (2) and (3) (t p is present result. When a becomes larger than the critical value a c time), and by L 2 (UO) the quantity of oxygen left behind defined by by the escaping hydrogen,
These two quantities may be calculated as a function of a, where m pЈ c is the present value of the crossover mass for X 1 ϭ 2/3, L 2 (UO) tends toward an asymptotic constant for a varying from 0 to 1, or even larger values. In Fig. 3 ,
TERRESTRIAL PLANETS
For Earth, the quantity of oxygen engaged in crustal iron oxidation, as well as formation of carbonates and Values of L c for each considered body are given in , t 0 , t b ) , although the path carbon may absorb an additional quantity of Ȃ30 kg through which it is reached depends on t 0 through Eq. (21). cm
Ϫ2
, if CO was initially the major carbon atmospheric Nevertheless, L c depends on m p c . We use in Fig. 3 values reservoir, or Ȃ60 kg cm
, if it was rather CH 4 . Although of m p c given in the first line of Table I , that is corresponding the presence of free iron in the primitive crust of terresto a present available EUV energy flux of 1 erg cm Ϫ2 sec
Ϫ1
trial planets can favor CO with respect to CO 2 (as well (at 1 AU from the sun) and a level r of deposition equal as H 2 with respect to H 2 O), the possibility of a strongly to the planetary radius.
reducing stage I atmosphere of CH 4 , surviving over Two remarks can be made about results presented in several times 10 8 years, is now considered implausible Fig. 3 : (Lewis and Prinn 1984) . Therefore, we assume that Ȃ30 kg cm Ϫ2 of water was possibly involved in the oxidation 1. Hydrodynamic escape of oxygen should become effiof atmospheric CO to yield the present massive CO 2 cient at unrealistic high values of a. For a ϭ 2, Ȃ80%
atmosphere. On the other hand, we know that there of Venus oxygen released by photodissociation of H 2 O are negligible quantities of O 2 in the present Venus escapes, and more than 90% in the case of Mars. Of course, atmosphere. If we suppose that the rate of resurfacing such an energy, which is in principle able to remove more than Ȃ10 TO from the planet, cannot be provided by the of crustal material by tectonic activity during the first gigayear of Venus' existence was the same as on Earth, past Sun, at least as far as we understand its evolution. For a ϭ 2, a simple calculation shows that this energy, a typical quantity of Ȃ100 kg cm Ϫ2 of water has been possibly absorbed by Fe oxidation, carbonate formation, integrated over the first gigayear, is in excess by a factor of Ȃ20 of the one obtained in the more realistic case of and oxidation of the atmosphere. Such a value corresponds to 1/3 TO, which implies an upper limit of a Ȃ 1, that is Ȃ200 times greater than the flux calculated under present conditions (a ϭ 0). It may be estimated that Ȃ1/16 TO for 1 UO in the Venus case, considering the asymptotic value of Ȃ5.5 for L 2 (UO) given by ), is equal to the kinetic energy of a (or Table I ).
The maximum admissible value of a for our Sun is 1, mass of Ȃ1.5 ϫ 10 4 kg cm Ϫ2 (or Ȃ1% Earth mass) impacting the Earth at Ȃ10 km sec Ϫ1 . Such a supply by asteroidal and/ and therefore no more than F 1 (UO) Ȃ 6 UO of hydrogen could be lost (Fig. 3 ). This implies F 1 Ͻ 0.4 TO. If a water or cometary impacts during the first gigayear of Earth's life is not unrealistic but, in this case, escape must be treated ocean ever existed on Venus, and if hydrodynamic escape is responsible for the loss of this ocean, such an ocean in the frame of impact erosion theory, which is clearly beyond the scope of this paper.
could not exceed Ȃ40% of the present Earth ocean. In this case, Ȃ20 kg cm Ϫ2 of oxygen was lost to space, whereas 2. Even at reasonable values of the parameter a (a Ȃ 1), a substantial absolute amount of oxygen can be lost to the complement (Ȃ100 kg cm
Ϫ2
) was incorporated into the planet interior and atmosphere (R Ȃ 0.15). space, even if this amount represents a small fraction of lost hydrogen. By assuming that a ϭ 1, Ȃ6.5 and Ȃ3.5 UO Concerning Mars, one obtains from a simple scaling of the mass (Ȃ8-10 times smaller than Venus or Earth of hydrogen were lost for respectively Venus and Mars, with Ȃ0.5 UO and Ȃ1 UO of lost oxygen. The amounts masses) a quantity of Ȃ30 kg cm Ϫ2 of water involved in crustal oxidation. Mars' interior is expected to contain of oxygen lost may therefore be as high as Ȃ1 TO by assuming a Unit Ocean of the order of 1 TO. But in this Ȃ2-3 more FeO than Earth's interior (Longhi et al. 1992) , but the origin of FeO (oxidation of Fe by water in the case, several terrestrial oceans (Ȃ5 TO) must be supposed to have been lost in the first gigayear of the planet's life. already formed planet, or direct accretion of FeO during growth) is unclear. We adopt a value of 30 kg cm Ϫ2 in the The major problem is that a large amount of oxygen is left behind (Ȃ5 TO and Ȃ2 TO for respectively Venus and following. The quantity of water contained in the North cap system does not exceed Ȃ10% of the previous value Mars), and there is no known reservoir at the present time for such an enormous quantity of oxygen. Conversely, by and, although the storage capacities of the subsurface material might be as high as 1000 m (Fanale et al. 1992) , or using existing estimates of oxygen presently contained in Venus and Mars, it is possible to tentatively estimate the Ȃ100 kg cm Ϫ2 , the existence of a massive pergelisol is not proven at the present stage of knowledge, and we do not maximum amount of water initially present on these planets. This is the topic of the next section.
consider it in the following. For a ϭ 1, 1 UO Ȃ 1/25 TO (Fig. 3) . The escape time should be as short as 0.25 ϫ 10
years. It follows that no more than Ȃ0.15 TO, or Ȃ400 m average depth of water, could be lost by hydrodynamic escape. In this case, 15 kg cm Ϫ2 of oxygen was released to and, therefore, space, and the complement of 30 kg cm Ϫ2 was incorporated into the crust (R Ȃ 0.5). A rough estimate of 300-400 m
(25) (up to Ȃ500 m) of global paleo-Mars water has been made from geomorphological analysis of Chryse basin region (Baker et al. 1992) , which is perfectly consistent with this If an oxygen fraction f of 1 TO is supposed to be present in kind of scenario.
the planet (crust and/or atmosphere), 1 UO is necessarily For Earth, there is no relative loss of oxygen. Although smaller than f/L c TO [Eq. (22)]. The maximum amount Venus is as large as Earth, it is nearer the Sun and more F max 1 of lost hydrogen is f ϫ F c /L c TO, that is, energy is available, whereas Mars, although at larger distance from the Sun than Earth, is smaller and releases more easily volatile species to space. In Earth's case, Ȃ70 F
(26) kg cm Ϫ2 of oxygen is incorporated into the planet (with no oxygen escape), corresponding to a possible primitive
The fraction f of oxygen is left behind escaping H, whereas ocean of Ȃ1.25 TO, whose Ȃ25% were lost, H escaping the fraction fͲt p /(L c t b ) is released to space. In terms of to space and O being entirely left behind. required solar energy, such an amount of escaping matter The fact that 1 UO is much smaller than 1 TO (Ȃ1/16 (H ϩ O) is equivalent to a lost hydrogen ocean (in units TO for Venus, Ȃ1/25 TO for Mars) must be more carefully of 1 TO) of examined and understood. Indeed, this means that the fraction of available solar EUV flux engaged in the escape process is small, much lower than the energy-limited value.
F
But, since the involved solar flux (t) is supposed to follow the same temporal law as the total available flux tot (t), even if is smaller than tot , the present crossover mass where the first and second terms of the right side member m pЈ c must be accordingly reduced. For example, in the case correspond to respectively H and O escapes. It follows that of Venus, 1/16 TO, as compared with the energy-limited value of 3.6 TO (over the first gigayear), is Ȃ60 times F
(28) lower, and the crossover mass of 3.7 (Table I) has to be reduced to less than Ȃ1.1, with an enormous increase in L c [Eq. (22) ] and a subsequent strong inhibition of O es-For relevant values of L c (Table I) and t b (Ͻ1 Gyr), cape. The only way to maintain L c at the same level is to assume that escape occurred in a much shorter time, typically 1 Gyr divided by 60, that is, ⌬t Ȃ 0.17 ϫ 10
years. Values of ⌬t are given in Table II for the three terrestrial planets.
Since the solar flux was t p /t b more intense at time t b (for A simple quantitative treatment will help to make the a ϭ 1), it corresponds to the escape of a present hydroproblem more understandable. By way of simplification, gen ocean, we will neglect Ͳ with respect to unity, which is verified for the most favorable value of 1/9. By assuming that escape takes place between t b and t b ϩ ⌬t (with ⌬t Ӷ t b and,
therefore, t 0 Ȃ t b ), Eq. (19) may be linearized in the vicinity of a ϭ 1, which is an acceptable value, and the duration ⌬t of escape under energy-limited conditions is obtained as
⌬t does not depend in first approximation on t b . It may be which does not depend on ⌬t. The assumption that ⌬t Ӷ t b is justified for Venus and Mars for t b Ͼ 10 8 years (see verified that values of ⌬t given by Eq. (31) coincide perfectly with those given in Table II.  Table II) . From Eq. (22), By using values of L c given in Table I , it is possible to nent a different from 1 (but not too much), Eq. (26) takes the following more general form: calculate F max 1 for different values of t b . It is found that, for t b ϭ 3 ϫ 10 8 years, the same initial water endowments of Venus and Mars are found as from our previous analysis of Fig. 3 (respectively 0.4 and 0.15 TO). A plot similar to F
that shown in Fig. 3 can be redone with these values: t b Ȃ 3 ϫ 10 8 years, ⌬t ϭ 2 ϫ 10 7 years, a ϭ 5/6. There are only As a consequence, significant O escape requires a short very little differences between the two plots, as expected.
escape time (1-2 ϫ 10 7 years), at energy-limited rates. These oceans are lost in a very short time, respectively Under this condition, primitive oceans of 0.45 and 0.2 TO Ȃ2 ϫ 10 7 and 10 7 years for Venus and Mars (Table II) [Eq. (20) ] for a ϭ 1, but a more few 10 7 years of the life of planets, because they were still relevant value of a seems to be 5/6. In Fig. 4 , F max 1 , as in an intense accretional phase, and we do not favor such rigorously derived from Eqs. (A22), (A24), and (A26), is high values of initial water endowment. plotted as a function of t b (in the range 10 8 -10 9 years), which represents the time at which the ocean rapidly escaped (within 1-2 ϫ 10 7 years) for Venus ( Fig. 4a ) and DISCUSSION Mars (Fig. 4b) . If a ϭ 5/6 (dotted line), there is a decrease in F max 1 , with maximum possible amounts of water of rePrimitive oceans of 0.45 and 0.2 TO (respectively 1300 and 600 m average depth) could exist in the past on respecspectively 0.45 and 0.2 TO for Venus and Mars (for t b ϭ 10 8 years). These values are near those obtained for t b ϭ tively Venus and Mars, after the first 10 8 years of the planet's accumulation and intense bombardment by grow-2 ϫ 10 8 years and a ϭ 1, and are our preferred values. The horizontal straight line at ordinate f (1/3 for Venus, ing planetesimals. Because of the relatively modest amount of escaping oxygen, even under the favorable conditions 1/10 for Mars) represents the quantity of oxygen incorporated into the planet. Values of R are respectively 25 and considered in this paper, it must be emphasized that if
Venus had been supplied with more than Ȃ0.45 TO, it 50% for Venus and Mars.
For decreasing values of the involved fraction of the would have been left with an O 2 -rich atmosphere. By using the (maximum) ocean sizes previously given, and by assumsolar flux, the situation dramatically changes. If assuming, for example, that the value of is reduced by a factor of ing an initial terrestrial ocean of Ȃ1 TO, the primitive ratios of ocean mass to planet mass (at t Ȃ 10 8 years) are 4 with respect to tot (available EUV solar flux), new values of m pЈ c for Earth, Venus, and Mars are respectively 1.25, 0.012, 0.026, and 0.013% for respectively Venus, Earth, and Mars, or 0.45, 1, and 0.5, when normalizing by the terres-1.7, and 2.6 (to be compared with energy-limited values given in Table I ), and the corresponding L c value are 64, trial ratio. These ratios make sense only in the case of a homogeneous accretion, for which water-rich bodies are 24, and 10. For Venus and Mars, decreasing the involved solar flux fraction by 4 means increasing L c by Ȃ4. Values accreted together with mineral and metallic material in the primordial accretion phase (t Ͻ 10 8 years). In the case of of ⌬t for Venus and Mars remain low (respectively 0.7 and 0.4 ϫ 10 8 years) and Eq. (26) is still valid. The maximum inhomogeneous accretion, with late enrichment in volatiles, the quantity of water must be divided rather by the amounts of lost water decrease from 0.45 and 0.2 TO for respectively Venus and Mars to Ȃ0.4 and Ȃ0.1 TO, with cross section of the planet (more rigorously the gravitational cross section), which yields relative ratios of 0.45, very small new values of R (Ͻ10%).
Denoting by the fraction of available solar EUV flux 1, and 0.2 for respectively Venus, Earth, and Mars. The negative gradient of the water content from the Earth engaged in the escape process, and in the case of an expo- increasing t b ) give the maximum initial amount of water for a ϭ 1 (solid curve) and a ϭ 5/6 (dotted curve). The fraction above the horizontal straight line represents the amount of oxygen released to space by hydrodynamic escape. This fraction has to be multiplied by (fraction of the available solar EUV flux engaged in the escape process) if Ͻ 1.
H AND O LOST BY ESCAPE
TO lost by blowoff, yielding Ȃ1 TO at t ϭ 10 8 years. This residual amount of Ȃ1 TO is stable from Ȃ5 ϫ 10 7 years Case Ȑ Ͼ 1 to 10 8 years, i.e. during Ȃ5 ϫ 10 7 years. Calculations similar
The total amount of hydrogen lost F 1 may be written as to those presented in our Fig. 2 show that, for t b Ȃ 5 ϫ 10 7 years, Ȃ50 and Ȃ75% of water can be lost for respectively
Venus and Mars, or even more if the effective radius of
The first term of the right side member, denoted by A, may be written as 
The ratio R ϭ 2 F 1 / F 2 may be finally expressed as
